Abstract-In this paper, the soft error rate (SER) induced by neutrons in 65-nm 10T static random access memory (SRAM) is measured over a wide range of supply voltages from 1.0 to 0.3 V. The results show that the neutron-induced SER at 0.3 V is around eight times that at 1.0 V. The dependence of multiple cell upsets (MCUs) on the supply voltage and on the distance between well ties is also investigated. The dependence of the MCU rate on the supply voltage between 1.0 and 0.5 V is small and increases as the voltage is reduced below 0.5 V. This is because the effect of another mechanism, such as charge-sharing, becomes larger in the subthreshold region, rather than the parasitic bipolar effect, which is considered the dominant mechanism causing MCUs in SRAM at the nominal supply voltage in our design.
I. INTRODUCTION
A N aggressive voltage scaling down to the threshold voltage of MOSFETs can significantly reduce power dissipation [1] . Therefore, subthreshold circuits that operate at a lower supply voltage than the threshold voltage are promising for ultra-low power applications, such as processors for sensor networks [2] , [3] and medical applications [4] . However, subthreshold circuits are extremely sensitive to manufacturing variability and environmental fluctuation, such as temperature, due to the exponential dependence of the subthreshold characteristics of MOSFETs on the threshold voltage. This sensitivity has been a major concern, and many researchers have investigated ways to cope with it [5] , [6] . However, little attention has been paid to the vulnerability of subthreshold circuits to radiation particles.
Studies have shown that the neutron-induced soft error rate (SER) in static random access memory (SRAM) increases as the supply voltage is lowered [7] , [8] . This is because reducing the supply voltage reduces the energy required to cause upsets. These studies, however, were done using a voltage between the nominal supply voltage and 0. H. Fuketa is with the Institute of Industrial Science, University of Tokyo, Tokyo 153-8505, Japan (e-mail: fuketa@iis.u-tokyo.ac.jp).
M. Hashimoto, Y. Mitsuyama, and T. Onoye are with the Department of Information Systems Engineering, Osaka University, Osaka 565-0871, Japan and also with JST, CREST, Tokyo 102-0075, Japan (e-mail: hasimoto@ist. osaka-u.ac.jp; mituyama@ist.osaka-u.ac.jp; onoye@ist.osaka-u.ac.jp).
Digital Object Identifier 10.1109/TNS.2011.2159993
in the subthreshold region was much larger than that in the super-threshold (nominal supply voltage) region, it would not be appropriate to use subthreshold circuits in actual applications. Therefore, subthreshold circuits need to be made immune to soft errors. Casey et al. analyzed single event transients (SETs) in the subthreshold region using ring oscillators [9] , and Mostafa et al. analytically examined the vulnerability to radiation particles of SRAM operating in the subthreshold region [10] . Although alpha-particle-induced SER in subthreshold SRAM has been measured [11] , neutron-induced SER has not been measured. This paper presents the first work to measure neutron-induced soft errors in SRAM over a wide range of supply voltages between 1.0 and 0.3 V. Since conventional 6T SRAM, which is used in commercial off-the-shelf SRAMs, can barely function in the subthreshold region due to weak writability and read instability [12] , [13] , we use 10T SRAM [11] , which can operate even at 0.3 V. Accelerated SER measurements using a neutron beam showed that the neutron-induced SER at 0.3 V is 7.8 times higher than at 1.0 V.
In addition, many researchers have pointed out that the occurrence of multiple cell upsets (MCUs) induced by a single neutron is a serious concern [8] , [14] , [15] . Although the dependence of MCUs induced by alpha particles on the supply voltage in the subthreshold region has been measured [11] , neutron-induced MCUs in the subthreshold region have not been investigated.
We examine the neutron-induced MCUs at supply voltages between 1.0 and 0.3 V. While previous investigations [15] - [18] found that the major mechanism of MCUs in SRAM is the parasitic bipolar effect at the nominal supply voltage, the importance of the parasitic bipolar effect depends on technology, well structure (twin well or triple well), and cell layout style [19] . We, in this paper, investigate the dependence of MCUs on the distance between well ties to clarify the contribution of the parasitic bipolar effect in our design. The measurement results indicate that the parastic bipolar effect strongly contributes the occurrence of MCUs in the super-threshold region.
Furthermore, previous researches on the parasitic bipolar effect [15] - [18] were peformed in the super-threshold region. Therfore, it is not clear whether the parasitic bipolar effect contributes the occurrence of MCUs even in the subthreshold region or not. We examine the dependence of MCUs on the supply voltage, and reveal that while the dependence of MCUs on the supply voltage between 1.0 and 0.5 V is small, the MCU rate slightly increases below 0.5 V. We conclude that this is because the effect of another mechanism, such as charge-sharing 0018-9499/$26.00 © 2011 IEEE [20] rather than the parasitic bipolar effect, is larger in the subthreshold region. In this paper, charge-sharing means the charge induced by a single neutron hit diffuses to multiple nodes.
The remainder of this paper is organized as follows. In Section II, the dependence of the critical charge on the supply voltage as revealed by simulation is described. Section III describes the structure of the subthreshold SRAM used to measure SERs over a wide range of supply voltages. The measurement results are presented in Section IV. Section V concludes with a summary of the key points.
II. CRITICAL CHARGE DEPENDENCE ON SUPPLY VOLTAGE
When radiation particles such as neutrons strike a transistor, a current pulse is generated. Conventionally, the current pulse is expressed as [21] , (1) where is the total collected charge and is the rising (falling) time constant.
The vulnerability of a memory cell to radiation particles is often evaluated using the critical charge, which is defined as the minimum charge required to flip the data stored in a memory cell. We obtained the critical charge by simulation of the current pulse (1) as depicted in Fig. 1 . Two cases were considered; 1) particles strike "Node A," which is pulled up to ( Fig. 1(a) ), 2) particles strike "Node B," which is pulled down to the ground ( Fig. 1(b) ). Although a radiation-induced current can differ from (1) [23] , we simply focused on the relative dependence of the critical charge on the supply voltage as the absolute values were not important for our investigation. Hence, an investigation using (1) is still expected to be reasonable. Fig. 2 shows the critical charge of the 10T memory cell used to evaluate SER (see Section III) as a function of the supply voltage, when and in (1) were set to 1 and 50 ps, respectively, in accordance with the model of Jahinuzzaman et al. [21] . In our design, PMOSs (M3 and M4 in Fig. 1 ) of the cross-coupled inverters in the memory cell is weaker than NMOSs (M1 and M2 in Fig. 1 ) from 0.3 to 1.0 V. Thus, the critical charge in Node B, which is pulled down to the ground by NMOS (M2), is larger than that in Node A, which is pulled up to VDD by PMOS (M3). Fig. 2 shows that the critical charge decreases as the supply voltage is reduced. This means that a reduction in the supply voltage degrades immunity to radiation particles, such as neutrons.
III. STRUCTURE OF TEST CHIP
A 256 kb 10T SRAM was fabricated in a 65-nm CMOS process with tripple well structure to measure neutron-induced soft errors. The circuit structure of the SRAM is shown in Fig. 3 . The circuit consists of an I/O circuit, a control logic, and 16 memory blocks. Each memory block consists of two 8-kb memory cell arrays. A bit-interleaving technique is not used in the memory cell arrays.
The supply voltage of the I/O circuit was set to the nominal supply voltage ("VDDH" in Fig. 3 ). The control logic, which connects signals between the memory cell arrays and the I/O circuit, operates at the intermediate supply voltage ("VDDM" in Fig. 3 ). The memory cell arrays operate over a wide range of supply voltages, from 0.3 to 1.0 V ("VDDL" in Fig. 3 ). For example, when VDDL was 0.3 V, VDDM and VDDH were set to 0.6 and 1.2 V, respectively.
To measure the SER over a wide range of supply voltages, we used the 10T memory cell described in [11] . Fig. 4 shows the structure of the memory cell. The size of the unit cell is 0.8 m 4.4 m, and the 6T area (M1-M6) occupies 80% of the total (10T) area because the cross-coupled inverters (M1-M4) were made large enough to mitigate threshold voltage variability. Furthermore, the word lines (WLs) are driven at a higher voltage ("VWRITE" in Fig. 3 ) than the supply voltage of the memory cell arrays in order to attain strong writability, which is similar to the so-called "boosted word line" technique [24] , [25] . In this paper, VWRITE was consistently set to V. VFOOT (Fig. 4) is used to ensure correct read operation in the subthreshold region [24] . The VFOOT of the accessed word is set to low and those of the unaccessed words remain high.
In addition, in order to investigate the contribution of the parasitic bipolar effect to the occurrence of MCUs, we implemented two types of memory cell arrays, as shown in Fig. 3 . The distance between the well ties of the left memory cell arrays is wide (25.6 m), while that of the right memory cell arrays is narrow (6.4 m) . Fig. 5 illustrates the bipolar effect. Holes generated by a neutron-induced nuclear reaction increase the voltage of the p-well, which is equivalent to the base-emitter voltages of the parasitic bipolar transistors, due to well resistance. Consequently, the collector-emitter currents of the parasitic bipolar transistors increase, which causes MCUs. This means that the occurrence of MCUs depends on the distance between well ties [16] since the well resistance inducing the base-emitter voltage increases with the distance between well ties.
A micrograph of the test chip is shown in Fig. 6 .
IV. EXPERIMENTAL RESULTS

A. Experimental Setup
Accelerated high-energy-neutron SER measurements were performed at the Research Center for Nuclear Physics (RCNP) at Osaka University, Japan [8] . The energy spectrum of the RCNP neutron source is similar to the terrestrial neutron energy spectrum [8] , [15] . The flux was estimated to be cm h , which is times larger than that of terrestrial cosmic neutrons. The minimum neutron energy used in the calculation of this acceleration factor is 10 MeV [15] .
Using the neutron beam, we tested 31 chips with a total of 7.75 Mb of memory cells. All the memory cells were functional between 0.5 and 1.0 V. When the supply voltage was reduced to 0.3 V, 924 memory cells (0.01% of the total cells) did not work correctly and hence were excluded from the measurements.
We first wrote zero to all bits ("ALL0" data pattern). Then, all the stored data were read every 60 seconds, and each bit was checked to see if it had flipped. Performance of these two steps for each supply voltage enabled us to obtain the dependence of SER on the supply voltage.
The occurrence of MCUs in adjacent bits depends on the written data pattern [11] . Fig. 7 shows the physical layout of adjacent cells when the data pattern written was "ALL0." Adjacent sensitive nodes along the WLs are on different well potentials. With this configuration, multiple upsets belonging to the same word rarely occur since neutron-induced MCUs are mainly caused by the bipolar effect (discussed in Section IV.B), and the distance between the sensitive nodes in adjacent rows is 1/5 less than those in the adjacent columns, as shown in Fig. 7 . Therefore, we focus on MCUs occurring in adjacent bits along bit lines (BLs). The definition of single bit upset (SBU) and MCU is illustrated in Fig. 8 . Fig. 9 shows the neutron-induced SER as a function of the supply voltage. The SER increases as the supply voltage is reduced. The SER at 0.3 V is 7.8 times higher than at 1.0 V. The ratio of this increase is almost the same as that due to alpha particles, as reported in [11] . Note that the slope of the SER with respect to the supply voltage is steeper when the supply voltage is less than 0.7 V, as depicted in Fig. 9 , whereas the slope is almost constant for alpha-particle-induced SER. 10 illustrates the dependence of the SBU and MCU rates on the supply voltage. The MCU rate was derived by dividing the number of failing bits (for example, a "2b MCU" was considered to be two errors) by the measurement period. The SBU rate dramatically increases as the supply voltage is reduced. As described in Section II (Fig. 2) , the decrease in the supply voltage reduces the critical charge. Ibe et al. [22] reported that SBU is dominated more significantly as scaling proceeds due to lighter particles such as protons, which are secondary particles produced by the nuclear reaction between neutrons and Si. Although rigidly speaking the reduction in the supply voltage and the device miniaturization are different in terms of the sensitive volume and the charge collection efficiency, the supply voltage reduction corresponds to the device miniaturization in terms of the critical charge. Therefore, the drastic increase in SBU shown in Fig. 10 is attributed to secondary particles such as protons.
B. Measurement Results
On the other hand, the dependence of the MCU rate on the supply voltage is smaller than that of the SBU rate. Contributions of lighter particles such as protons to MCUs are less than those to SBUs [22] . Previous work [15] has shown that the MCU rate is less sensitive to the supply voltage between 1.2 and 0.7 V and concluded that this is because most neutron-induced MCUs are caused by the parasitic bipolar effect. Interestingly, however, the MCU rate shown in Fig. 10 slightly increases when the supply voltage is below 0.5 V.
To examine this phenomenon, we focus on the distance between well ties. Figs. 11 and 12 illustrate the dependence of the SBU and MCU rates on the well-tie distance. There is no significant difference between the SBU rates for the memory cells with a narrow well-tie distance and those for ones with a wide well-tie distance. In contrast, the MCU rates depend on the well-tie distance. Fig. 12 also shows the ratio of the MCU rate for the memory cells with a narrow well-tie distance to that for those with a wide well-tie distance. Notably, the MCU rate for the memory cells with a wide well-tie distance is always higher than that for ones with a narrow well tie distance, yet the dependence of the MCU rate on the well-tie distance decreases with the supply voltage.
This indicates that the parastic bipolar effect strongly contributes the occurrence of MCUs in our design when the supply voltage is more than 0.5 V, and the contribution becomes relatively small in the subthreshold region. Instead, another mechanism has a larger effect on the MCU rate for the following reasons:
• When the supply voltage is below 0.5 V, MCUs induced by the parasitic bipolar effect decrease because the collector-emitter current of the bipolar transistor falls due to the reduction in the collector-emitter voltage.
• [11] reported that alpha-particle-induced MCUs sharply increase when the supply voltage falls below 0.6 V. This increase is mainly caused by "charge-sharing" [20] due to a decrease in the critical charge, as shown in Fig. 2 . Therefore, it is possible that the effect of neutron-induced MCUs due to charge-sharing also increases as the supply voltage is reduced. We conclude that, while the parasitic bipolar effect is the dominant mechanism of MCUs in the super-threshold region in our design, the effect of charge-sharing becomes larger in the subthreshold region, which results in the increase in the MCU rate between 0.3 and 0.5 V, as depicted in Fig. 10 . Fig. 13 shows the ratio of MCUs to total upsets as a function of the supply voltage. For alpha-particle-induced MCUs, a reduction in the supply voltage increases the ratio [11] . However, as shown in Fig. 13 , the ratio of neutron-induced MCUs decreases as the supply voltage is reduced. This is because the SBU rate dramatically increases as the supply voltage is reduced, whereas the increase in the MBU rate is relatively small. Finally, the MCU distributions in the memory cells with wide and narrow well-tie distances are shown in Fig. 14 . Large-bit MCUs are likely to occur in memory cells with a wide well-tie distance compared to ones with a narrow well-tie distance. A decrease in the supply voltage also increases the probability of large-bit MCUs due to the decrease in the critical charge.
V. CONCLUSION
Our measurements of the neutron-induced soft error rate (SER) in 65-nm 10T SRAM between 1.0 and 0.3 V revealed that the neutron-induced SER at 0.3 V is 7.8 times higher than at 1.0 V and that the single bit upset (SBU) rate dramatically increases as the supply voltage is lowered. Our investigation of the dependence of multiple cell upsets (MCUs) on the supply voltage and on the distance between well ties showed that the dependence of the MCU rate on the supply voltage between 1.0 and 0.5 V is small and that the MCU rate slightly increases when the supply voltage is below 0.5 V. This is because the parasitic bipolar effect is the dominant mechanism of MCUs in the super-threshold region in our design, whereas the effect of another mechanism, such as the charge-sharing, becomes larger in the subthreshold region.
